Motivation: Genome-scale phenotypic data are available for many model organisms, yet existing tools to functionally interpret gene sets from these phenotypic data are largely based on mutagenesis-derived phenotypes observed in mouse or human. Results: Data from both mutagenesis and knockdown experiments are incorporated into modPhEA to allow users to perform enrichment analyses based on phenotypes observed in budding yeast (Saccharomyces cerevisiae), roundworm (Caenorhabditis elegans), fruit fly (Drosophila melanogaster), zebrafish (Danio rerio), mouse (Mus musculus) and humans (Homo sapiens). The phenotypes analysed can be customized to investigate complex traits and gene sets from any fully sequenced animal or fungal genome are also supported by modPhEA. Availability and implementation: Freely available on the web at
Introduction
Phenotypic aberrations that are observed following perturbation of a gene can provide direct evidence regarding the functions of the affected gene at the organism level. Meanwhile, integration of this information into the backend dataset for gene set enrichment analysis can produce a result complementary to analyses based on gene ontology (GO) terms (http://www.geneontology.org/) or KEGG pathways (http://www.genome.jp/kegg/pathway.html) (Weng and Liao, 2010; Weng and Liao, 2011) . Nevertheless, existing tools designed to analyse gene sets only utilize phenotype information that is based on mutation-derived phenotypes of human/mouse (Chen et al., 2009; Kuleshov et al., 2016; Wang et al., 2013; Weng and Liao, 2010) or fly (Weng and Liao, 2011) . Moreover, despite gene knockdown being a reverse genetic approach that has been widely used to understand gene functions of certain organisms (e.g. zebrafish), and has been used to elucidate phenotypes that are not observed with mutagenesis (Kok et al., 2015; Morgens et al., 2016; Rossi et al., 2015) , none of the existing tools for gene set enrichment analyses have implemented gene knockdown data.
Therefore, we developed an analysis tool named, model organism Phenotype Enrichment Analysis (modPhEA). This freely available tool reports phenotypes that are associated with given gene sets. We designed modPhEA to serve as many research communities as possible through its capability to identify enriched/depleted phenotypes of any one of six major model organisms (budding yeast, roundworm, fruit fly, zebrafish, mouse and human). In addition, modPhEA implements phenotypic data derived from both mutagenesis (e.g. targeted gene deletion, chemically/radiation induced mutation) and knockdown experiments (e.g. RNAi, morpholino), as well as their subtypes, and it allows users to analyse gene sets by limiting the phenotypic records derived from specific approaches in order to control for approach-specific biases. Analyses of customized phenotypes that represent complex traits can also be specified with a user-friendly interface. Finally, modPhEA reports enriched/depleted phenotypes in a format that employs a predefined hierarchical structure, or as a phenotype catalog. This allows users to readily understand and prepare publishable tables/ figures that illustrate the functional properties of the input gene set(s).
Methods
The sources (Blake et al., 2017; Cherry et al., 2012; Gramates et al., 2017; Howe et al., 2013; Howe et al., 2016; Kohler et al., 2017) Applications Note and the processes of implementing the backend database for each of the six model organisms are described in Supplementary Figures S1-S6. The numbers of coding genes with phenotypic data that are implemented in modPhEA for each of the six model organisms are listed in Table 1 . The downloaded phenotypic annotations of genes were either represented as unique identifiers (for yeast, roundworm, mouse and human) or composite terms (for fruit fly and zebrafish).
The procedures used to process the data from these two types of phenotypic recording systems were implemented according to the principles described in Weng and Liao (2010) and Weng and Liao (2011) , respectively. To improve the quality of the data used by modPhEA, phenotypic entries resulting from genetic perturbations of multiple genes or unidentifiable loci were excluded. The database of modPhEA is updated every three months. modPhEA recognizes genes with Ensembl IDs (http://www. ensembl.org/and http://fungi.ensembl.org/) and typically compares two gene sets. When a gene set is provided, it is compared to the rest of the genes in the genome that represent the background. Prior to the analysis, genes without an annotated phenotypic entry are excluded. Significantly enriched or depleted phenotypes are then detected by Fisher's exact test. P-values before and after Bonferroni correction or false discovery rate (FDR) correction (Benjamini and Hochberg, 1995) for multiple testing for each phenotypic term tested are presented. Analyses of gene sets from non-model organisms use phenotypic records of orthologs of the selected model organism, and gene orthology information is obtained by using the InParanoid algorithm (Ostlund et al., 2010) with default parameters. JavaServer Pages (JSP) on an Apache Tomcat server was used to build the web interface. An online tutorial of modPhEA is available at: http://evol.nhri.org.tw/phenome2/tutorial.jsp.
Results
To demonstrate the broad applicability of modPhEA, we have provided six groups of Example Datasets. Example Dataset 1 (1.1 and 1.2) includes human genes that exhibit expression changes in response to Zika virus (ZIKV) infection. Example Datasets 2.1 and 2.2 include genes of budding yeast and fission yeast (Schizosaccharomyces pombe), respectively, that are involved in the lineage-specific duplication events occurred after the divergence of budding and fission yeasts. Example Dataset 3 (3.1 and 3.2) includes zebrafish orthologs that are expressed at lower levels in the eyes of the cave-dwelling Sinocyclocheilus species compared to the surfacedwelling Sinocyclocheilus species. Example Dataset 4 includes Caenorhabditis elegans genes that are expressed in gonads. Example Dataset 5 includes genes that are highly expressed after a bloodmeal by a malaria vector mosquito and Example Dataset 6 includes genes that are highly expressed in vascular smooth muscle cells of patients with giant cell arteritis (GCA).
Example Datasets 1.1, 1.2, 2 (both 2.1 and 2.2), 3 (both 3.1 and 3.2), 4 and 5 are to exemplify analyses performed by modPhEA on predefined phenotypes of human, mouse, yeast, zebrafish (3.1: on knockdown-derived phenotypes; 3.2: on mutagenesis-derived phenotypes), roundworm, and fly species, respectively. In Example Dataset 6, it is demonstrated how a customized phenotype or human disease can be analyzed. For the latter, the common disease, GCA, was used. The results obtained from the Example Datasets show that modPhEA can provide novel and important biological insights. For instance, enriched phenotypes of Example Dataset 1.1 and 1.2 include abnormal limb development (see Supplementary Results). This result is consistent with the recent discovery that newborns infected by ZIKV can be affected by deformed limbs (van der Linden et al., 2016). It is possible that some of the >100 enriched phenotypes reported for Dataset 1.1 (see Supplementary Data 1) were spuriously found even after the correction of multiple testing in statistics. In the future, the accumulated clinical data of Zika infection may help to understand if such terms present. Example Dataset 3 was found to be enriched in phenotypes manifested in organs related to vision (eye/retina) or the circadian clock (i.e., epiphysis), and yet the latter was not discovered in the original study of this gene set (Meng et al., 2013) . Both the analysis of Example Dataset 3 on knockdown-derived phenotypes (Dataset 3.1) and the analysis on mutagenesis-derived phenotypes (Dataset 3.2) reported enriched phenotypes related with vision, but the reported phenotypic terms were not overlapped (see Supplementary Table S1 ). This result suggested that analyses focusing on phenotypic data derived from different approaches could produce results that are complement with each other. 
